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Investigation of the developmental fates of cells in the endodermal layer of the early bud stage mouse embryo revealed a regionalized
pattern of distribution of the progenitor cells of the yolk sac endoderm and the embryonic gut. By tracing the site of origin of cells that are
allocated to specific regions of the embryonic gut, it was found that by late gastrulation, the respective endodermal progenitors are already
spatially organized in anticipation of the prospective mediolateral and anterior–posterior destinations. The fate-mapping data further showed
that the endoderm in the embryonic compartment of the early bud stage gastrula still contains cells that will colonize the anterior and lateral
parts of the extraembryonic yolk sac. In the Lhx1(Lim1)-null mutant embryo, the progenitors of the embryonic gut are confined to the
posterior part of the endoderm. In particular, the prospective anterior endoderm was sequestered to a much smaller distal domain, suggesting
that there may be fewer progenitor cells for the anterior gut that is poorly formed in the mutant embryo. The deficiency of gut endoderm is not
caused by any restriction in endodermal potency of the mutant epiblast cells but more likely the inadequate allocation of the definitive
endoderm. The inefficient movement of the anterior endoderm, and the abnormal differentiation highlighted by the lack of Sox17 and Foxa2
expression, may underpin the malformation of the head of Lhx1 mutant embryos.
D 2004 Elsevier Inc. All rights reserved.
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Gastrulation is a major milestone in mouse development
when the three embryonic germ layers are formed. The
establishment of progenitor cell populations of major tissue
lineages is heralded by the acquisition of diverse fates by
cells localized in different regions of the germ layers.
Regionalization of cell fate and tissue patterning are the
fundamental components of the blueprint of embryonic
development. This blueprint, or the body plan, carries
essential information of the status of determination of the
lineage progenitors and their geographical location with0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: ptam@cmri.usyd.edu.au (P.P.L. Tam).reference to the anterior–posterior, mediolateral, and
dorsoventral embryonic axes (Tam and Behringer, 1997).
The latter information can be depicted as a series of fate-
maps of the germ layers at gastrulation and their derivatives
at early organogenesis. In these fate-maps, the localization
of the progenitor cells and their descendants is charted at
successive stages of development. These data provide not
only a visualization of tissue patterning but also enable the
reconstruction of the pattern of morphogenetic movement
of cells during embryonic development. The pattern of cell
movement may illustrate how tissue components of specific
body parts or organs can be assembled to bring about
inductive interaction and allow organogenesis to proceed
(Tam et al., 2001).
Useful insights into the cellular and molecular mecha-
nisms of embryonic patterning have been gained by
analyzing the impact of loss of specific gene function on274 (2004) 171–187
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organogenesis. The mouse LIM domain containing gene,
Lhx1(Lim1), has been shown to play an essential role in the
development of head structures in the mouse (Shawlot and
Behringer, 1995). Loss of Lhx1 activity in the visceral
endoderm, primitive streak, nascent mesoderm, and the
mesendodermal derivatives of the gastrula organizer results
in abnormal morphogenesis of the gastrula embryo (Figs.
1A and B) and the truncation of the head culminating in the
loss of craniofacial structures that are rostral to the upper
hindbrain (Shawlot and Behringer, 1995). Analysis of the
expression of tissue-specific molecular markers revealed
that the primitive streak and the prospective gastrula
organizer are localized ectopically and the presumptive
anterior–posterior embryonic axis, which is aligned with the
proximal–distal axis of the pregastrulation embryo initially,
fails to reorient to the transverse plane of the gastrula
embryo (Kinder et al., 2001a; Shawlot and Behringer,
1995). Lacking Lhx1 activity therefore impacts significantly
on the early patterning of the mouse embryo.
Chimera analysis using reciprocal combinations of host
embryo and embryonic stem cells of wild-type and Lhx1/
genotype has shown that Lhx1 function is required auton-Fig. 1. (A) Awild-type E7.5 no-bud stage embryo. (B) Two Lhx1/ E7.5 mutant
and the deficiency of anterior germ layer tissues. (C–H) Expression of (C and D) S
Lhx1/ mutant embryos (D, F, and H). Sox17 expression is absent in all five Lhx
of four Lhx1/ embryos examined (one shows no expression), and Pem is exp
embryos examined. Black arrows indicate the structure that resembles the allantoic
embryo. The box in F shows the region from which fragments were isolated for th
part of the primitive streak, and the presumptive gastrula organizer.omously in both the extraembryonic tissues (principally the
visceral endoderm) and the epiblast derivatives, especially
the anterior mesendoderm, for anterior patterning (Shawlot
et al., 1999). In the mouse chimera, Lhx1/ cells can
colonize the epiblast of the gastrula extensively and their
descendants could be found in the derivatives of all three
germ layers. In chimeras displaying a strong presence of the
Lhx1/ cells, mutant cells were present in the anterior
axial mesendoderm and the cranial paraxial mesoderm,
which play a critical role in neural induction (Ang and
Rossant, 1993; Camus et al., 2000) and neural tube
morphogenesis (Chen and Behringer, 1995). These chimeras
did not develop normally and manifested anterior defects
that become more severe with the increase in the population
of mutant cells in the primitive streak-derived embryonic
tissue (Shawlot et al., 1999). This finding provides compel-
ling genetic evidence that head formation requires sequential
inductive interaction with first the visceral endoderm (Bed-
dington and Robertson, 1999; de Souza and Niehrs, 2000)
and later the anterior mesendoderm derived from the
gastrula organizer and/or the primitive streak (Beddington,
1994; Camus and Tam, 1999; Camus et al., 2000; Kinder et
al., 2001b).gastrula stage embryos showing the disproportionately small embryonic size
ox17, (E and F) Foxa2, and (G and H) Pem in wild-type (C, E, and G) and
1/ embryos examined, Foxa2 is expressed in the posterior region in three
ressed in the extraembryonic endoderm and the chorion all four Lhx1/
bud or its primordium, which identifies the prospective posterior side of the
e transplantation experiments. The fragment contains the posterior epiblast,
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tissues derived from all three germ layers (Shawlot et al.,
1999) suggests that loss of Lhx1 function does not affect the
developmental potency of the epiblast cells. Lineage
potency has also been tested by transplanting Lhx1/
epiblast cells into the primitive streak and the prospective
neural plate of wild-type host embryos. The finding reveals
that Lhx1 activity is not required for the allocation of cells to
the cranial neuroectoderm, the lateral plate mesoderm, and
the paraxial mesoderm (Hukriede et al., 2003; Shawlot et
al., 1999; Tsang et al., 2000). Lhx1/ cells, however, are
unable to activate lateral mesoderm-specific gene activity,
even when they have been incorporated into the wild-type
lateral mesoderm of the host embryo (Tsang et al., 2000).
Further demonstration of the impact of Lhx1 function on
tissue differentiation was shown by the reduction of the
primordial germ cell population and the deficiency of the
allantoic mesoderm in Lhx1/ embryos (Tsang et al.,
2001). Lhx1/ cells also fail to participate fully in the
morphogenetic movement of the lateral and paraxial
mesoderm after ingression at the primitive streak (Hukriede
et al., 2003; Tsang et al., 2000). Loss of Lhx1 activity leads
to the down-regulation of Amot in the visceral endoderm
(Shimono and Behringer, 1999). Amot function has recently
been shown to be essential for the displacement of the
visceral endoderm from the anterior region of the pre- and
early streak embryo to the extraembryonic site (Shimono
and Behringer, 2003). Although Lhx1 is not expressed in the
definitive endoderm that gives rise to the gut endoderm, it
would be of interest to find out if migration of the definitive
endoderm may also be impeded in the presence of disrupted
movement of the visceral endoderm.
Lhx1/ epiblast-derived cells are found in the endoderm
of chimeras that are populated by large number of mutant
cells (Shawlot et al., 1999). In this regard, the strong chimera
is almost equivalent to the null-mutant embryo (Shawlot and
Behringer, 1995). The presence of endoderm-like cells in the
strong chimera and the null-mutant embryo suggests that loss
of Lhx1 function may not affect the allocation of the
endoderm lineage. However, cells in the endodermal layer
of the null-mutant embryo do not express Sox17, Foxa2, Shh,
and Cerl appropriately (Kinder et al., 2001a; Shawlot and
Behringer, 1995; Shawlot et al., 1999; Figs. 1C–F). The lack
of expression of endodermal markers raises the possibility
that the null-mutant embryo is deficient of definitive
endoderm or that the endoderm-like cells do not differentiate
properly. In contrast, Pem expression appears normal in the
Lhx1-null mutant (Figs. 1G and H), indicating that differ-
entiation of the extraembryonic endodermmay be unaffected.
Although the outcome of chimera analysis and the null-
mutant phenotype are consistent with the concept that Lhx1
function is not essential for endoderm formation, there may
be subtle defects in the potency of cells to differentiate into
endoderm of specific parts of the embryonic gut. It would
therefore be pertinent either to assess the endodermal
contribution by mutant cells in chimeras displaying moderateto low contribution of the Lhx1/ embryonic stem cells or
to test more specifically the endodermal potency of endo-
dermal progenitors in the epiblast of the Lhx1/ gastrula.
The study reported in this paper was undertaken to
investigate the impact of Lhx1 function on three key aspects
of endodermal development in the mouse: the lineage
potency of the epiblast cell population, the patterning of the
endoderm at gastrulation, and the morphogenetic tissue
movement during gut formation. In addition, a significant
outcome of this study is the provision of a complete
description of the cell fates of the endoderm of the mouse
embryo at late gastrulation and the insights into the pattern
of cell movement that accompanies the formation of the
embryonic gut.Materials and methods
Mouse strains
Lhx1+/ mutant mice (Shawlot and Behringer, 1995)
were mated to obtain embryos of wild-type, heterozygous,
and homozygous mutant genotypes. The wild-type and
Lhx1+/ embryos were indistinguishable morphologically
at gastrulation to early somite stages and both the wild-type
and Lhx1+/ mice develop normally to adulthood (Shawlot
and Behringer, 1995). In the present study, they were grouped
together as bnormalQ embryos on the basis of their phenotypic
similarity. Lhx1/ embryos, which could be distinguished
from the normal embryos by their abnormal morphology
(Figs. 1A and B), were called bnull-mutantQ embryos. These
embryos were used for the fate-mapping experiments.
A new stock of Lhx1+/;EGFP;lacZ mice of a mixed
129, C57BL6, DBA/2, and CD1 background was produced
by crossing Lhx1+/ mice with transgenic mice that express
Hmgcr–lacZ (Tam and Tan, 1992) and CMV–hactin–EGFP
(Hadjantonakis et al., 1998). The Lhx1+/;EGFP;lacZ mice
were intercrossed to produce wild-type, Lhx1+/, and
Lhx1/ embryos that also express the EGFP and the lacZ
transgenes widely in all cell types. These normal and null-
mutant embryos were the donors of cells and tissues for the
cell and tissue transplantation experiments. Wild-type ARC/s
strain embryos were used as recipients (hosts) of the
transplantation.
Whole mount in situ hybridization
Embryos were processed for in situ hybridization
analysis for the expression of Pem, Sox17, and Foxa2
according to the protocol of Wilkinson and Nieto (1993)
with the following modifications: Riboprobes were labeled
with digoxigenin-11-UTP (Roche) using the AmpliScribe
kit (Epicentre Technologies), SDS was used in place of
CHAPS in both prehybridization and hybridization, no
RNA digestion was performed after hybridization, and
formamide was omitted from posthybridization washes.
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electroporation
Normal no- to early bud stage embryos and the null-
mutant littermates were harvested from Lhx1+/ mice for
fate-mapping the endoderm. Marking of the endodermal
cells at specific sites was performed by electroporation.
The embryos were soaked for 5 min in aqueous plasmid
DNA solution containing either 1–1.5 Ag/Al CMV–EGFP
expression vector or with equal concentrations of the
CMV–EGFP and Hmgcr–lacZ expression vectors. The
endoderm of the embryo was electroporated following the
protocol of Davidson et al. (2003) and cultured in vitro
(Sturm and Tam, 1993). The sites of electroporation were
ascertained by the localization of the EGFP-expressing
cells 3 h after electroporation and recorded by digital
photography. At the end of 24 h of in vitro culture, the
distribution of the EGFP-expressing cells was recorded.
The number of EGFP-expressing cells was scored in high-
magnification digital images of the embryo. When cells
were clustered, an approximate number is estimated based
on the size of the EGFP spot for individual cells. The score
for some specimens was therefore was not an absolute
count. The data were presented as the relative abundance
of the labeled cells in defined regions of the yolk sac and
the embryo (see later) to the nearest 5th percentile of the
total cell population. The mean percentage for each region
was then computed for specimens of the same electro-
poration site. Altogether, 86 wild-type and Lhx1+/
embryos were electroporated and 68 (79%) developed to
early somite stage after 24 h of culture and contained
EGFP-expressing cells in the endoderm. Embryos were
excluded from this study when the initial electroporation
did not produce a localized labeling of the endodermal
cells. Of the Lhx1/ mutant embryo, 83 were electro-
porated and 56 (67%) were analyzable after in vitro
culture. That more embryos were excluded was due
primarily to the higher incidence of poor embryonic
growth and abnormal morphogenesis, which hampered a
proper mapping of the distribution of EGFP-expressing
endodermal cells.
Selected wild-type embryos that have been co-electro-
porated with EGFP and lacZ expression vectors were fixed
for 2–3 min in 4% paraformaldehyde after the pattern of
distribution of EGFP-expressing cells was recorded. They
were stained by X-gal solution overnight at 378C. The
embryos were then processed and embedded in paraffin wax
and sectioned at 8 Am. The sections were counterstained
with Nuclear Fast Red and mounted in Canada balsam. The
lacZ-expressing cells were identified by the blue X-gal
staining reaction.
Isolation and transplantation of cells and tissues
Pregnant Lhx1+/;EGFP;lacZ mice were euthanized at
E7.0–7.5 to harvest embryos for isolating donor tissues fortransplantation. Tissue fragments were dissected from the
anterior region of the primitive streak of the midstreak stage
normal embryo. From the null-mutant embryo, tissue
fragments were isolated from the posterior region that
includes the domain of Chrd and Foxa2 expression (Kinder
et al., 2001a; Figs. 1E and F) and part of the primitive streak
(based on previous finding on Wnt3 , Fgf8 , and T
expression; Kinder et al., 2001a). The embryonic fragments
were trimmed to remove the mesoderm and endoderm,
leaving only the epiblast/ectoderm, and further dissected
into smaller clumps of about 10–15 cells. These clumps
were transplanted using a Leica micromanipulator into
either the anterior primitive streak region of wild-type
midstreak (E7.0) stage or to the primitive streak immedi-
ately posterior to the node of the no- to early bud (E7.5)
stage ARC/s host embryos (Kinder et al., 2001b). The host
embryos were examined by fluorescence microscopy 1 h
after transplantation to ascertain the location of the EGFP-
expressing graft. Embryos showing incorrect positioning of
the graft were excluded from further analysis.
For studying the morphogenetic behavior of the tissues,
fragments of the anterior primitive streak of midstreak stage
normal embryos and the posterior epiblast tissue of the null-
mutant embryo were trimmed to isolate fragments contain-
ing about 50–80 cells. They were transplanted as an intact
piece to the lateral site of the no- to early bud E7.5 ARC/s
host embryo (Beddington, 1994; Tam and Steiner, 1999).
For comparison, the node of late-streak stage normal
embryos was also isolated and transplanted to the same site
in the no- to early bud E7.5 ARC/s host embryos.
Host embryos and the remainder of the donor embryos
were cultured together in rolling bottles as previously
described (Sturm and Tam, 1993) for 24 h until the
embryo reached the 6–8 somite stage. The host embryos
were examined by fluorescence microscopy to visualize
the distribution of the graft-derived EGFP-expressing cells.
Embryos were then briefly fixed in 4% paraformaldehyde
and stained by X-gal solution to visualize the graft-derived
cells. Host embryos that contained positively stained graft-
derived cells were then processed for histology and
sectioned in paraffin wax. The number and the pattern of
distribution of X-gal stained cells in the tissues of the host
embryo were scored in serial sections of the specimen. Of
the 142 host embryos in the transplantation experiments,
129 developed normally in culture and contained graft-
derived cells and processed for histology, and 100 serially
sectioned specimens were successfully analyzed for cell
count and tissue distribution. Donor embryos that were
cocultured with the host embryo were examined first to
ascertain that they developed the abnormal head phenotype
displayed by the null-mutant embryo in vivo. Samples of
the extraembryonic tissues were then collected for geno-
typing by PCR analysis (Hukriede et al., 2003; Tsang et
al., 2000), and the rest of the embryo was stained by X-gal
reagent to confirm that the donor cells were transgenic for
Hmgcr–lacZ.
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Regionalized tissue fates of the endodermal cells at late
gastrulation
The developmental fates of the endodermal cells in the
normal embryo were assessed by tracking the distribution of
cells originating from different regions of the endoderm as
the embryo developed from the no- to early bud stage to the
early somite stage in vitro. As previously shown by
Davidson et al. (2003), expression of the EGFP becomes
detectable 2–3 h after electroporation with the CMV–EGFP
expression vector (Fig. 2A) and thereafter for the duration ofFig. 2. (A) EGFP-expressing cells in an embryo 3 h after electroporation of the dis
after 24 h of in vitro development displaying the extensive distribution of the (B)
gut and the similar pattern of distribution of the labeled cells revealed by the expr
stained cells) in the endodermal layer of the embryo (transverse section of the embr
Sox17, and Sox7 in the endoderm of E7.5 and E8.5 embryos. The white dashed lin
the boundary between extraembryonic and embryonic part of the conceptus. In th
endoderm in the proximal region of the embryo. Tcf1 and Sox7 are expressed in
Tcf1 expression overlaps in the anterior distal region and Tcf1 expression covers m
embryo, Pem is expressed in the yolk sac endoderm, Tcf1, and Sox17 in the gut en
cells in the endoderm in the yolk sac (ys), yolk sac–embryo junction (ys–emb), a
lateral (lat, for ys, and ys–emb), or middle (for emb-gut) and posterior (post) region
35%, posterior: 5%), yolk sac–embryo junction (lateral: 5%; posterior 20%), andin vitro development (Fig. 2B). The distribution of the
EGFP- and lacZ-expressing cells in embryos that were
coelectroporated with two vectors was generally comparable
(Figs. 2C and D). However, we have not determined
whether the vectors were always coexpressed in the same
cells. Nevertheless, this finding showed that the pattern of
distribution of the electroporated cells is not influenced by
the type of genetic marker. Histological examination of the
specimen confirmed that the electroporation procedure
specifically labeled the endodermal cells of the embryo
(Fig. 2E).
In the E7.5 no- to early bud gastrula embryo, the
boundary between the embryonic and extraembryonictal region with EGFP and lacZ expression vectors. (B–D) The same embryo
EGFP-expressing cells along the anterior–posterior length of the embryonic
ession of (C) EGFP and (D) lacZ marker. (E) The labeled cells (blue X-gal
yo at the level shown in D). (F) The expression pattern of Pem, Tcf1/Hnf1a,
es mark the position of the amnion, which is the morphological landmark of
e E7.5 embryo, Pem is expressed in the extraembryonic endoderm and the
the endoderm proximal to the amnion. In the embryonic region, Sox17 and
ost of the embryonic domain except where Pem is expressed. In the E8.5
doderm and Sox7 in the vascular endothelium. (G) The scheme for scoring
nd the embryonic gut (emb-gut), which are subdivided into anterior (ant),
s. This embryo contains 56 cells that are distributed in the yolk sac (lateral:
embryonic gut (posterior: 35%).
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of the amnion (white dashed line in Fig. 2F), which
matches the distal border of the extraembryonic domain of
Tcf1/Hnf1a and Sox7 expression (Fig. 2F; E7.5). To map
the fate of the endoderm in the embryonic compartment of
the gastrula embryo, cells were labeled by targeting
electroporation to one of the nine regions (Fig. 3A). Three
of these regions are localized on the lateral aspect of the
embryo. The anterior–lateral and the posterior–lateral sites
are adjacent to the border of the embryonic and extra-
embryonic parts of the conceptus. These two proximal
regions contain endodermal cells that express Pem, which
is also expressed by the endodermal cells in the extra-
embryonic region (Fig. 2F; Pem E7.5), but not Tcf1 (Fig.
2F; Tcf1 E7.5). The lateral site occupies the lateral region
of the embryo distal to the two proximal sites. The
remaining six sites are located in the sagittal plane of
embryo and they are in the anterior–posterior order, the
anterior–proximal, anterior–distal, distal, posterior–distal,
posterior–middle, and posterior–proximal sites. The ante-
rior–proximal and the anterior–distal sites encompass the
anterior axial and paraxial regions of the embryo, which
overlap with Sox17 expression domain (Fig. 2F; Sox17
E7.5). The distal site contains the node and the endoderm at
the distal tip of the embryo. The three posterior sites
correspond to areas associated with the three respective
segments of the primitive streak. All these sites except the
three proximal sites are contained within the expression
domain of Tcf1 (Fig. 2F; Tcf1 E7.5). When embryos were
examined 3 h after electroporation, about 10–25 endoder-
mal cells within an area of about 50–70 Am2 were labeled
in each embryo (Figs. 2A and 3B–J). The location of the
labeled cells was generally consistent with the intended site
of electroporation notwithstanding that during the 3-h
period, labeled cells may have dispersed to some extent.
After the location of the labeled cells was ascertained,
embryos were cultured in vitro until the embryos reached
the early (4–8) somite stage.
After 24 h of in vitro development, labeled cells were
visualized by the expression of the fluorescent protein (Figs.
3B–J) and their number was scored on enhanced digital
images of the embryo. The localization and the relative
abundance of the descendants of the labeled population in
the anterior, middle, and posterior regions of the yolk sac
endoderm, the yolk sac embryo junction, and the prospec-
tive gut domain of the embryo were scored (Fig. 2G; Table
1). The anterior limit of the embryonic gut is taken as the
edge of the ventral lip of the foregut invagination, whereas
the yolk sac–embryo junction in other region of the embryo
is demarcated by the meeting of the amnion, the yolk sac,
and the lateral embryonic tissues. The yolk sac–embryonic
endoderm junction (ys–emb; Fig. 2G) is also delineated by
the juxtaposition of the expression domain of Pem (in the
yolk sac endoderm; Fig. 2F, Pem E8.5) and Tcf1 (in the gut
endoderm; Fig. 2F, Tcf1 E8.5) and Sox17 (in the middle and
posterior gut endoderm; Fig. 2F, Sox17 E8.5).Approximately 40–250 EGFP-expressing cells were
found in the endoderm of the embryo of the nine sites of
electroporation. Cells from each site were distributed in
distinctive patterns to different parts of the yolk sac
endoderm, the endoderm at the lateral region of the embryo
adjacent to the yolk sac, and the prospective embryonic gut
(Figs. 3B–J). Of specific interest is that the majority of
labeled endodermal cells from the anterior–proximal,
anterior–lateral, and posterior–lateral sites of the early bud
embryos were allocated to the anterior and lateral yolk sac
endoderm (Figs. 3B–D; Table 1). Cells from the anterior
sites tended to be localized in the more anterior and lateral
parts of the yolk sac while those from the lateral regions
colonized mainly the lateral part of the yolk sac. The
posterior yolk sac received relatively minor contribution
from the posterior–lateral, posterior proximal, and posterior
middle sites (Figs. 3D and E and data not shown; Table 1).
These findings suggest that some bembryonicQ endoderm in
the proximal and lateral regions of the early bud embryo still
display an extraembryonic fate. The presence of more
labeled cells in the anterior and lateral regions of the yolk
sac also suggests that the preexisting endoderm in the
extraembryonic compartment may be displaced to the
posterior yolk sac by the cells emigrating from the
embryonic sites.
Contribution to endoderm along the yolk sac–embryo
junction came from the proximal sites: anterior–proximal,
anterior lateral, posterior–lateral, and posterior–proximal
(Figs. 3B–E). In addition, descendants of endodermal cells
at the more distal sites such as anterior–distal, lateral, and
posterior–middle also colonized the yolk sac–embryo
junction (Figs. 3H and I; Table 1). The lower propensity
in the expansion of the posterior and lateral bembryonicQ
endoderm beyond the yolk sac–embryo junction is
consistent with the concept that the proximal displacement
of these cells is hindered by occupancy of the posterior
part of the yolk sac by the resident extraembryonic cell
population.
For analyzing the distribution of labeled cells in the
embryonic gut, the number of EGFP-expressing cells
localized in the foregut invagination (anterior gut) and in
the endoderm underneath the paraxial and axial mesoderm in
the middle and posterior region of the embryo was scored.
Analysis of the distribution of labeled cells from the anterior
proximal, anterior–lateral, and anterior–distal sites showed
that all three regions contain progenitors of the yolk sac and
foregut endoderm. The most preponderant contribution to
the foregut endoderm was by cells in the anterior–distal and
the distal sites. In contrast, cells in the anterior–proximal site
tended to contribute more to the extraembryonic (anterior
yolk sac) endoderm and less to the foregut endoderm than
the more distal sites. Endoderm of the middle segment of the
prospective gut of the early somite embryo was derived
principally from the anterior–distal (Fig. 3F), distal (Fig.
3G), and posterior–distal sites (data not shown; Table 1). The
posterior gut endoderm was colonized mainly by cells of the
Fig. 3. Regionalization of cell fates in the endoderm of E7.5 early to late-bud stage Lhx1+/+ and Lhx1+/ embryo. (A) The nine areas of the endoderm that were electroporated. (B–J) Examples of the distribution
of the EGFP-expressing cells in the embryo visualized by fluorescence microscopy at 3 h (left-hand side) and 24 h (right-hand side) after electroporation (see Results and Table 1 for detail of the pattern of
distribution). Lateral views of the embryo are shown with anterior of the embryo to the left, except for E, I, and J, which show the posterior view of embryo at the end of the experiment.
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Table 1
Distribution of CMV–EGFP-labeled endodermal cells in Lhx1+/+ and Lhx1+/ embryos electroporated at the early bud stage and cultured for 24 h in vitro
Site of electroporation No. embryos Distribution of descendants of electroporated endodermal cells: percentage of total population
Yolk sac Yolk sac–embryo junction Embryonic gut
Anterior Lateral Posterior Anterior Lateral Posterior Anterior Middle Posterior
Anterior–proximal 6 55.0 26.7 5.0 13.3
Anterior–lateral 4 51.2 17.5 18.8 7.5 5.0
Posterior–lateral 3 16.7 48.3 6.7 3.3 8.3 16.7
Posterior–proximal 6 1.7 17.5 14.2 0.8 65.8
Anterior–distal 6 3.3 11.7 3.4 53.3 28.3
Lateral 5 11 12 3 26 24 14 10
Posterior–middle 8 1.9 2.5 12.5 83.1
Distal 8 13.7 66.3 20.0
Posterior–distal 11 1.8 0.5 59.1 38.6
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sites (Figs. 3E, I, and J), with a lesser contribution by cells in
the distal, posterior–lateral, and lateral sites (Table 1).
Two morphogenetic patterns of the gut endoderm are
worth special note. First, descendants of the endodermal
cells at the distal site of the early bud embryo were
spreading in almost the entire anterior–length of the
embryonic gut (Fig. 3G; Table 1). These patterns of cell
movement suggest that the morphogenesis of the embryonic
gut is accomplished by the anterior–posterior extension of
the endoderm in the length of the gut, which may be part of
the convergence extension process associated with the
elongation of the body axis. Second, the posterior–distal
cell population appeared to extend posteriorly to occupy the
medial area of the posterior gut (Fig. 3I), whereas the
posterior–middle population was displaced posteriorly and
laterally (Fig. 3J). The posterior–proximal population
moved mainly laterally to the lateral areas of the posterior
gut domain and spread anteriorly along the posterior yolk
sac–embryo junction (Fig. 3E). These findings reveal a
unique pattern of morphogenetic movement during the
formation of the hindgut: the posterior extension of the
endodermal cells underlying the anterior and middle seg-
ment of the primitive streak to the medial part of the
posterior gut and the lateral displacement of the endoderm
associated with posterior segment of the primitive streak to
the lateral region of the posterior gut. The regionalization of
the fates of the endoderm of the early bud embryo therefore
not only heralds the allocation of progenitor cells for
specific endodermal population but also provides an insight
to the morphogenetic tissue movements that accompany the
formation of the embryonic gut.
Loss of Lhx1 function is associated with abnormal
endodermal fates
The Lhx1/ embryos displayed a range of abnormal
morphology at gastrulation, varying from severely mal-
formed to moderate reduction in size and nearly normal shape
(Figs. 1B, D, F, and H). Staging of the Lhx1/ embryo by
the standard morphological criteria was therefore notfeasible. In this study, the developmental stage of the null-
mutant embryos was taken to be comparable to that of the
majority of the wild-type and heterozygous mutant litter-
mates. Fate-mapping experiments were performed on null-
mutant embryos of litters that consisted of morphologically
normal no- to early bud embryos. The presence of a bulbous
structure in the yolk sac cavity of the mutant embryo that
resembles the allantoic bud (Figs. 1B and 4B–G) indicated
that it would be reasonable to regard the mutant embryo as
equivalent to no- to early bud stage. The allantoic budlike
structure also pinpoints the posterior side of the embryo for
the purpose of axis orientation. At the end of in vitro culture,
the mutant genotype was affirmed by the abnormal develop-
ment of the head folds and by PCR analysis of tissue sampled
from selected specimens. The bmutantQ morphology was not
observed in the normal embryo in these experiments.
Damages caused by electroporation or suboptimal embryo
culture conditions led to severe and nonspecific abnormality
and complete arrest of development.
The smaller size of the Lhx1/ mutant embryo limited
the number of sites that could be tested with practical level of
precision. Endodermal cells in six sites were electroporated;
five in the sagittal plane of the embryo: anterior–proximal,
anterior–distal, distal, posterior–distal, and posterior–prox-
imal; and one in the lateral region (Fig. 4A). Similar to the
normal counterparts, endodermal cells in the three proximal
sites colonized the anterior, lateral, and posterior yolk sac
endoderm (Figs. 4B and C and data not shown; Table 2).
Other descendants of the anterior–distal endoderm congre-
gated to the yolk sac–embryo junction (Fig. 4E) and only
10% was in the poorly developed anterior region of the
embryo (Table 2). Contribution to the endoderm at the yolk
sac–embryo junction by cells of the proximal and the lateral
sites in the mutant embryo (Table 2) was similar to those of
equivalent sites in the normal embryo (Table 1). The
unexpected results were the substantial contribution by the
anterior–distal endoderm to the anterior yolk sac, the cells in
the distal site to the lateral yolk sac and the yolk sac–embryo
junction, and the posterior distal cells to the posterior yolk
sac. The extraembryonic fate of the endodermal cells in these
distal sites contrasts that of the equivalent population in the
Fig. 4. Regionalization of cell fates in the endoderm of E7.5 Lhx1/ embryos. (A) The six areas of the endoderm that were electroporated. (B–G) Examples
of the localization of the EGFP-expressing cells in the embryo visualized by fluorescence microscopy at 3 h (left-hand side) and 24 h (right-hand side) after
electroporation (see Results and Table 2 for detail of the pattern of distribution). Lateral views of the embryo are shown with anterior of the embryo to the left,
except for B, which shows the anterior view of the embryo at the end of the experiment. The arrow in E indicates the yolk sac–embryo junction in the anterior
region of the embryo. Foregut invagination is often absent (asterisk in D–G) in the Lhx1/ mutant, though a rudimentary foregut portal may be formed in
some embryos (arrowhead in C).
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extraembryonic endoderm are localized more distally in the
anterior region of the mutant embryo. The contribution by
the posterior–proximal and the posterior–distal sites to the
posterior gut endoderm (Figs. 4D and G; Table 2) and the
extensive anterior–posterior contribution of the distal site
(Fig. 4F) were comparable to that of the normal counterpart.
However, the overall contribution to the anterior gut
endoderm by the anterior and distal sites and to the middle
gut region by the posterior–distal site was reduced in the
mutant embryo. There may be fewer gut progenitors in the
endoderm at gastrulation and they are absent from the
anterior region of the mutant embryo.
Loss of Lhx1 function does not affect the endodermal
potency of epiblast cells
The loss of Sox17 expression (Fig. 1D) and the reduction
in the population of embryonic gut progenitors in theTable 2
Distribution of CMV–EGFP-labeled endodermal cells in Lhx1/ embryos elect
Site of electroporation No. embryos Distribution of descendants of electr
Yolk sac
Anterior Lateral Posterior
Anterior–proximal 6 80.0
Lateral 14 50.0 1.4
Posterior–proximal 8 2.4 11.3
Anterior–distal 9 63.3
Distal 9 8.8
Posterior–distal 10 2.0 3.0endoderm of the mutant embryo raise the question of
whether the loss of Lhx1 affects the allocation of the epiblast
cells to the endodermal lineage. Cell transplantation experi-
ments were performed to test if the endodermal potency of
Lhx1/ cells may be impaired. Previous embryological
studies have shown that the progenitors of definitive (gut)
endoderm are found in the posterior epiblast of early streak
embryo (Lawson and Pedersen, 1987; Lawson et al., 1991;
Tam et al., 1997) and in the germ layer tissues associated
with the anterior segment of the primitive streak and the
midgastrula organizer (Kinder et al., 2001b). Allocation of
the definitive endoderm for the fore- and midgut begins at
the early to midstreak stage (Lawson and Pedersen, 1987;
Lawson et al., 1986; Tam and Beddington, 1992) and is
mostly for the posterior gut by the late-streak to early bud
stage (Beddington, 1981, 1982; Tam and Beddington, 1987).
In view of these findings, lineage analysis experiments were
performed using donor cells isolated from the mid- to late-
streak stage embryo to ensure that the full potency of epiblastroporated at E7.5 and cultured for 24 h in vitro
oporated endodermal cells: percentage of total population
Yolk sac–embryo junction Embryonic gut
Anterior Lateral Posterior Anterior Middle Posterior
18.0 2.0
2.1 29.3 10.0 7.1
2.5 35.0 48.8
24.4 2.3 10.0
4.4 24.4 35.5 26.7
7.0 3.0 16.0 69.0
Fig. 5. (A and B) The experimental strategy for testing the lineage potency of cells in the anterior primitive streak of mid- to late-streak normal (+/+, +/)
embryo and in the posterior epiblast of mutant (/) embryo by transplantation to the anterior primitive streak of (A) midstreak or (B) no- to early bud host
embryo. (C) Transplantation of wild-type EGFP and lacZ-transgenic donor cells to the node region of the early bud stage host embryo, resulting in the
colonization of the axial mesoderm and endoderm of the host embryo after 24 h of in vitro development by graft-derived cells expressing (D) the EGFP and (E)
the lacZ transgene (C–E are pictures of the same embryo). (F–I) Examples of presence of graft-derived lacZ-expressing cells [F and G: normal (+/+) cells; H
and I: Lhx1/ (/) mutant cells] in the somite (sm), notochord (arrowhead in F), endoderm (arrowheads in two different specimens: Gi and Gii) of the
foregut (fg) and the posterior gut (pg), the neuroepithelium (nt), and the body of the primitive streak (arrow in I).
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tested by orthotopic and heterotopic transplantation (Figs.
5A and B). Litters of embryos from pregnant E7.0–E7.5
Lhx1+/;EGFP;Hmgcr–lacZ mice were selected by the
criterion that majority of the normal embryos was at the mid-
to late-streak stage of gastrulation (Downs and Davies,
1993). Donor posterior epiblast cells were isolated from the
anterior primitive streak of the normal embryo and from the
middle to proximal regions of the posterior part of the mutant
littermate (Figs. 5A and B), which encompass the Foxa2 and
T expression domain (Fig. 1F; Kinder et al., 2001a).
Donor cells from wild-type embryos were transplanted
orthotopically to the anterior primitive streak of midstreak
host embryo (Fig. 5A) and heterotopically and heterochroni-
cally to the node of no- to early bud host embryo (Figs. 5B
and C). After 24–26 h of in vitro development, graft-derived
cells in the host embryo were visualized by EGFP and lacZ
expression (Figs. 5D and E). The number of graft-derived
cells in the host embryo varied between the two types of
transplantations. In the orthotopic type, 12–195 lacZ-
positive cells were scored in the 22 host embryos, with a
median of 73 and mean of 75.1 cells. The 16 host embryos
receiving heterotopic transplantation contained more graft-
derived cells: 36–244 cells with a median of 133 and a mean
of 128.8. The data when viewed as a whole showed that the
anterior primitive streak cells are able to contribute to all
three germ layer derivatives in the host embryo. The number
of graft-derived cells also varied between embryos receiving
orthotopic or heterotopic transplantation. This may be due to
the different number of cells grafted to the embryo and the
fraction of this population that was incorporated and had
produced viable cellular descendants in the host tissues. Cell
death has been shown to occur regularly in the epiblast and
the endoderm of the gastrula stage mouse embryo (Lawson
et al., 1986; Poelmann, 1980, 1981). Neither the number of
grafted cells nor cell viability could be controlled effectively
and consistently in the transplantation experiment. Assum-
ing that the variables (number of grafted cells and cell
viability) were similar in both types of transplantation, the
results showed that more graft-derived cells were found
following transplanting the anterior primitive streak hetero-
topically to the node of the host embryo, which was also at a
more advanced stage of development. The basis of this
difference is not known.
Donor cells from the posterior epiblast of the mutant
embryo were transplanted to the same two sites in the wild-
type host embryo as for the normal donor cells (Figs. 5A
and B). Host embryos with cells transplanted to the anterior
primitive streak at midstreak stage contained between 10
and 407 cells with a median of 43 and a mean of 81.2 cells.
The discrepancy between the median and the mean
suggests that the number of graft-derived cells in these
host embryos did not conform to a normal statistical
distribution and the majority of the host embryos have a
lower graft-derived cell number than the arithmetic mean.
Like the normal counterpart, the transplantation to the noderesulted in the presence of more graft-derived cells in the
host embryo: between 10 and 511 cells with a median of
123 and a mean of 156.5. The two data sets when
considered together as a test of the overall lineage potency
of the Lhx1/ mutant cells showed no evidence of any
restriction of lineage potency (Table 3). A noticeable
departure from the normal cells, however, is the less
prolific contribution of the mutant cells in the endoderm
after transplantation to the anterior primitive streak of the
midstreak stage host embryo, but not so when transplanted
to the node of no- to early bud host embryo (Table 3).
Nevertheless, contribution to the endodermal population
was evident irrespective of the site of transplantation
indicating that loss of Lhx1 function does not impact
significantly on the endodermal potency of the epiblast
cells.
The overall patterns of tissue contribution by the normal
or mutant cells were similar for the two types of
transplantations. Graft-derived cells were found in deriva-
tives of all three germ layers (e.g., Figs. 5F–I: notochord,
somite, and gut endoderm; Table 3 and histological data not
shown). A major difference between the two types of
transplantation was the presence of the donor cells in the
heart mesoderm when they are transplanted to the
midstreak stage and the greater contribution to the paraxial
mesoderm when they are transplanted to the node (Table 3).
This is probably related to the timing of most active
allocation of heart mesoderm and the paraxial mesoderm at
the midstreak stage and at the no- to early bud stage,
respectively (Beddington, 1981; Lawson et al., 1991; Tam
and Beddington, 1987; Tam et al., 1997).
Of specific note is the overrepresentation of graft-derived
mutant cells in the posterior mesoderm and the primitive
streak of the host embryo (Figs. 5H and I; Table 3). This
finding is consistent to the previous result of cell trans-
plantation that the mutant cells tend to remain in the
primitive streak and are less able to participate in the anterior
morphogenetic movement of mesoderm after incorporation
into the paraxial mesoderm (Hukriede et al., 2003) or the
lateral plate mesoderm (Tsang et al., 2000). In contrast, the
presence of mutant cells in the foregut of the host embryo
suggests that morphogenetic movement of the endodermal
cells is unaffected by the loss of Lhx1 function. This may
suggest that the lack of the gut endoderm progenitor in the
anterior region of the null-mutant embryo might be either
due to the failure of anterior morphogenesis, which prohibits
any anterior movement of the endodermal progenitors or that
the movement of the endoderm is impeded secondarily due
to the defects in the migration of the paraxial mesoderm or
the axial mesoderm (Hukriede et al., 2003).
To test the latter possibility, whole tissue fragments
isolated from the midgastrula organizer of normal midstreak
embryos, the node of normal early bud embryo, and the
posterior epiblast of the Lhx1/ embryos were trans-
planted to the lateral site of the no- to early bud stage host
embryo (Fig. 6A; Beddington, 1994; Tam and Steiner,
Table 3
The distribution of graft-derived cells in the tissues of host embryo following transplantation of EGFP and lacZ-expressing posterior epiblast cells of Lhx+/+,
Lhx+/, and Lhx1/ embryos to nontransgenic wild-type host embryos and cultured for 24 h in vitro
Donor genotype and tissue Lhx1+/+ or Lhx1+/ Lhx1/
Anterior primitive streak: mid-streak stage Posterior epiblast
Site of grafting: Orthotopic Heterotopic Anterior primitive
streak:
mid-streak
Anterior primitive
streak/node:
no- to early bud
sage of host embryo Anterior primitive streak:
mid-streak
Anterior primitive streak/node:
no- to early bud
No. analyzed 22 hosts (8 donors) 16 hosts (9 donors) 35 hosts (11 donors) 27 hosts (8 donors)
Mean cell number/embryo
(total; median: range)
75.1 F 12.4
(1648; 73: 12–195)
128.8 F 16.9
(2061; 133: 36–244)
81.2 F 14.4
(2843; 43: 10–407)
156.5 F 24.0
(4069; 123: 10–511)
Tissue contribution: number of cells (number of embryos) and percentage of total graft-derived population
Gut endoderm
Foregut 40(6) 2.4% 112(5) 5.4% 51(4) b2% 108(12) 2.7%
Midgut 187(9) 11.3% 76(9) 3.7% 48(10) b2% 136(11) 3.3%
Hindgut 59(2) 3.6% 21(4) b2% 10(2) b2% 102(5) 2.5%
Axial mesoderm
Head process 17(3) b2% 0 22(1) b2% 44(4) b2%
Notochord 61(6) 3.7% 267(9) 12.9% 115(14) 4.0% 200(16) 4.9%
Floor plate
Brain 0 20(4) b2% 4(1) b2% 429(12) 10.5%
Spinal cord 19(1) b2% 71(5) 3.4% 95(10) 3.3% 153(10) 3.8%
Neuroepithelium
Brain 0 14(3) b2% 58(3) 2% 359(8) 8.8%
Spinal cord 6(2) b2% 251(7) 12.2% 148(8) 5.2% 103(5) 2.5%
Paraxial mesoderm
Cranial mesenchyme 426(11) 25.8% 754(12) 36.5% 795(17) 27.9% 823(15) 20.2%
Somite 495(17) 30.0% 378(9) 18.3% 907(16) 31.9% 587(9) 14.4%
Presomitic 17(1) b2% 68(4) 3.3% 143(4) 5.0% 566(5) 13.9%
Posterior/primitive streak 70(3) 4.3% 25(1) b2% 248(5) 8.7% 426(5) 10.4%
Lateral mesoderm 56(4) 3.4% 4(1) b2% 82(1) 2.9% 4(1) b2%
Heart 195(4) 11.8% 0 117(1) 4.1% 29(1) b2%
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extension that is characteristic of the morphogenetic
behavior of the derivatives of the gastrula organizer suchFig. 6. (A) Transplantation of the Chrd-expressing tissue of the midgastrula organ
lateral region of an early bud stage wild-type host embryo (the graft is revealed by
of the transplanted tissues: (B) tissue extended in a tight column along the anterior–
extended and dispersed in the host tissues, and (D) tissue incorporated into the hos
relative frequency (%) of grafts displaying the three categories (B–D) of morpho
posterior epiblast.as axial mesoderm (notochord) and the floor plate was
examined after 24 h of in vitro development (Figs. 6B–D).
The result of this experiment showed that Lhx1/ tissuesizer, the node (Lhx1+/+, +/), or the posterior epiblast (Lhx1/) to the
the expression of the EGFP transgene). (B–D) The morphogenetic behavior
posterior axis in the lateral (right flank) region of the host embryo, (C) tissue
t tissues locally and not extended. The tabulated data show the number and
genetic behavior in the host embryo. MGO, midgastrula organizer; p-EPI,
P.P.L. Tam et al. / Developmental Biology 274 (2004) 171–187 183were less capable of undergoing convergence extension in
the wild-type host than the normal counterpart (Fig. 6;
tabulated data). The defective extension of the axial tissues
may be a possible cause of the overall inefficient deploy-
ment of embryonic tissues including the endoderm to the
anterior region of the mutant embryo.Discussion
Regionalization of cell fates in the endoderm reveals a
blueprint of the embryonic gut
In the present study, fate-mapping experiments were
performed by tracking the origin and movement of the
endodermal cells of the early bud stage mouse embryo.
Similar analysis of endodermal cell fate has been
accomplished for the neural plate/late-streak stage mouse
embryo, in which clones of single cells were marked by
iontophoretic injection of horseradish peroxidase and the
clonal descendants were identified at the conclusion of
the experiment by histochemical enzyme reaction (Law-
son et al., 1986). This experimental approach is particularly
robust for assessing the pluripotency and the population
growth of endodermal cells. In contrast, our study employedFig. 7. Fate-maps of the endoderm of (A) no- to early bud stage Lhx1+/+ and Lh
endoderm fate-mapped by electroporation with the EGFP expression vector. (ii an
of anterior, lateral, and posterior yolk sac endoderm at the (ii) no- to early bud s
showing the domains of progenitor cells of the endoderm of the (iv) lateral gut end
stage embryo showing the distribution of the progenitor population in the end
corresponding to the lateral region of the open gut, which later become the lateral a
gut which form the dorsal and the dorsolateral wall of the gut tube. The various
Overlapping domains of progenitors in maps ii to iv are highlighted by the change
foregut invagination and forms a small and abnormal head fold. Abbreviations (Athe electroporation technique to introduce the CMV–EGFP
and Hmgcr–lacZ expression vector into groups of endoder-
mal cells to enable their descendants be traced by the
expression of the fluorescence protein in a noninvasive and
real-time manner. In addition, the fates of cells originating
from nine sites covering the entire population of endoderm
in the embryonic compartment of the late-gastrulation
mouse conceptus were assessed. Our findings have therefore
complemented and extended those of the previous analysis,
which was focussed on the axial endoderm of the mouse
gastrula.
Despite the differences in the experimental design and
technique, developmental fates of endodermal cells revealed
in the this study and that of Lawson et al. (1986) are
remarkably concordant, specifically of those in the axial
(sagittal) region of the early bud stage embryo (anterior–
proximal, anterior–distal, distal, and posterior–distal; Figs.
3A and 7Ai of the present study, which are equivalent to
regions I, II, III, and IV; Fig. 8b of Lawson et al., 1986).
Descendants of cells in the anterior–proximal (I) and
anterior–distal sites (II) colonize the endoderm of both the
yolk sac and the foregut endoderm (Figs. 7Aii and iii). Cells
in the more proximal zone contribute more substantially to
the extraembryonic endoderm than those located more
distally (Fig. 7Ai). Analyses of cell fate of the endodermx1+/ embryo and (B) Lhx1/ mutant E7.5 embryo. (i) The areas of the
d iii) Lateral view of the endoderm showing the domains of progenitor cells
tage and (iii) early somite stage. (iv and v) Lateral view of the endoderm
oderm and (v) the axial gut endoderm. (vi) Ventral view of the early somite
oderm of the no- to early bud embryo to the yolk sac–embryo junction
nd the ventral wall of the gut tube, and to the axial and paraxial areas of the
populations of extraembryonic and embryonic endoderm are color coded.
in shade where the colors merge. The mutant embryo (Bvi) generally lacks
vi): hf, head folds; fg, foregut; hg, hind (posterior) gut; s, somite.
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gastrulation revealed that anterior endoderm of the pre- and
early streak stage embryo is fated primarily for extraem-
bryonic endoderm, and by the midstreak stage there is
increasing presence of cells in these anterior sites that will
contribute progeny to the foregut endoderm (Lawson and
Pedersen, 1987; Lawson et al., 1986). By tracking the
distribution of descendants of cells already resident and
those that were recruited from the epiblast to the endoderm
in the posterior region of the midstreak embryo (Lawson et
al., 1986; Tam and Beddington, 1992), it was revealed that
there is progressive expansion of the definitive (gut)
endoderm from the posterior to the anterior regions of the
embryo during gastrulation. This would lead to the
displacement the anterior endodermal population to extra-
embryonic sites by the incoming definitive endoderm.
However, the resident anterior endoderm is not completely
replaced by the immigrant cells since about 90% of the
anterior–proximal and anterior–distal endodermal popula-
tion of the late-streak embryo is made up of cells derived
from the epiblast and the remaining 10% is derived from the
preexisting visceral endoderm (Tam and Beddington, 1992).
This may account for the presence of progenitors of both
extraembryonic and foregut (lateral and medial) endoderm
in the anterior region of the early bud embryo (Figs. 7Aii, iv,
and v) and that the exit of cells to the extraembryonic
endoderm will continue past the early bud stage (Lawson et
al., 1986; Shimono and Behringer, 2003; and this study).
The expression of molecular markers such as Pem and Tcf1
suggests that endodermal cells in the proximal region of the
embryonic domain are molecularly different from the more
distal localized gut endoderm. Despite this apparent
distinction in genetic activity, it is still unclear whether the
endoderm that contribute to the yolk sac are descendants of
the preexisting visceral endoderm that occupies the prox-
imal boundary of the epiblast or the definitive endodermal
cells that also contribute to the gut endoderm. A novel
finding of the present study is that the colonization of
different parts of the yolk sac by cells derived from the
embryonic sites is not uniform. EGFP-expressing cells
originating from the proximal bembryonicQ domains were
found mostly in the anterior and lateral regions and less in
the posterior region of the yolk sac (Figs. 7Aii, iii). This
may suggest that during postgastrulation development,
endodermal cells move from the anterior and lateral
bembryonicQ sites to the extraembryonic compartment to
occupy the anterior and lateral regions of the yolk sac while
the posterior part of the yolk sac is populated mainly by the
extraembryonic endoderm preexisting at the early bud stage
of development.
Cells of the embryonic gut are derived from multiple sites
in the endoderm of the early bud stage embryo. Progenitors of
the endoderm of the anterior gut are found primarily in the
anterior region and the distal site, those of middle and
posterior parts of the gut are localized in the distal and
posterior–distal sites (Fig. 7Av; regions II, III and IV ofLawson et al., 1986). Two other sites in the sagittal plane that
have not been previously examined were found to contribute
cells to the embryonic gut: the posterior–middle and the
posterior–proximal sites contain progenitors of the posterior
gut endoderm (Figs. 7Av and vi). The distribution of the
EGFP-expressing cells in the gut of the early somite stage
embryo (Fig. 7Avi) reveals site-specific patterns of cell
movement that accompanies gut formation. Cells from the
distal site (containing the endoderm and the node) are
distributed in the axial and paraxial regions to all anterior–
posterior levels of the gut. The extended distribution of the
endoderm may accompany (or be driven by) the morphoge-
netic extension of the axial mesendoderm of the node and the
head process (Beddington, 1994; Kinder et al., 2001b;
Lawson et al., 1986). In contrast, cells from the neighboring
posterior–distal site (underneath the anterior segment of the
primitive streak) are distributed mainly to the axial area of the
middle and posterior segments of the gut (see also Lawson et
al., 1986). Cells from the posterior middle site (underneath
the middle segment of the primitive streak) move to the axial
region in the posterior-most domain of the gut as well as to the
lateral region of the embryonic gut. Cells from the posterior–
proximal region spread laterally and anteriorly to occupy the
lateral region of the posterior gut (Figs. 7Av and vi).
Therefore, the anterior–posterior position of the endodermal
progenitor along the length of the primitive streak correlates
with the mediolateral destination of their descendant in the
posterior segment of the gut. This finding in the mouse is
consistent with the concept of the translation of rostrocaudal
position of the endodermal progenitors in the primitive streak
to the mediolateral position in the gut during avian
gastrulation (Lawson and Schoenwolf, 2003).
The origin of the endoderm in the lateral part of the
embryonic gut was examined in our fate-mapping experi-
ment of the early bud stage mouse embryo. Cells from
all the proximal sites (i.e., anterior–proximal, anterior–
lateral, posterior–lateral, and posterior–proximal) all con-
tribute to the endoderm localized over the junction of the
yolk sac and the embryonic gut domain (Figs. 7Aiv and
vi). Additional contribution is provided by cells in the
anterior–distal, lateral, and posterior–distal sites that
occupy the middle third region along the proximal–distal
axis of the embryo, with the lateral site being the major
source of the lateral gut endoderm (Fig. 7Aiv). In the
anterior region, endoderm in this junctional zone is likely
to become the endoderm lining the ventral part of the
foregut (Kirby et al., 2003), while those in the middle
and posterior regions may form the lining of the lateral
wall and floor of the midgut and the hindgut following
the closure of the gut tube.
Lhx1 function is required for positioning the anterior gut
endoderm
The finding that down-regulation of XLim1 activity in
the Xenopus mesodermal cells may impair their ability to
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points to the possibility that loss of Lhx1 function may
impact on the allocation of the endoderm from the
mesendodermal progenitors in the primitive streak of the
mouse embryo, which might lead to the deficiency of
definitive endoderm. Testing lineage potency of the Lhx1-
deficient posterior epiblast cells by cell transplantation
revealed that Lhx1 function is not essential for the allocation
of cells to the endodermal tissues—a finding that concurs
with the outcome of chimera analysis (Shawlot et al., 1999).
The lack of Sox17 activity in the Lhx1/ embryo suggests
that the mutant endodermal cells may be unable to differ-
entiate properly or to remain proliferative and viable (Kanai-
Azuma et al., 2002). Lhx1 activity is expressed primarily in
the mesoderm and the visceral endoderm and not in the
definitive endoderm (Shawlot and Behringer, 1995; Shawlot
et al., 1999), and there are presently no data suggesting that
Lhx1 activity in the mesoderm is involved with signaling to
the endoderm. To test more stringently the differentiation
potency of the Lhx1/ endodermal cells in the chimera
obtained by introducing embryonic stem cells into the
blastocyst or transplantation of cells into postimplantation
embryos would require the assay of a robust reporter of cell
differentiation that could be expressed specifically in the
mutant cells (see Tsang et al., 2000). Alternatively, the
impact on endoderm allocation and differentiation may be
studied by tissue-specific ablation of Lhx1 activity by
conditional mutation. The animal resources and the molec-
ular tools for either investigation are presently not available.
Until these experiments can be done, it remains unclear
whether or not Lhx1 function is required for endodermal
differentiation.
Fate-mapping study of the mutant embryo has revealed
that the regionalization of the endodermal progenitors of the
embryonic gut is abnormal and the movement of cells in the
endoderm may be impeded. Cells fated for the embryonic
gut are absent from the anterior endoderm of the Lhx1/
embryo (Figs. 7Biv, v, and vi), which contains predom-
inantly the progenitors of anterior yolk sac endoderm (Figs.
7Bii and iii). The majority of the progenitors of anterior gut
endoderm are sequestered to the posterior and distal region
of the endoderm while those of the other segments of the gut
are found at sites equivalent to those in the normal embryo
(Figs. 7Bv and vi). The abnormal regionalization of the
progenitors of anterior definitive endoderm and the ectopic
expression domain of primitive streak and gastrula organizer
genes (Kinder et al., 2001b) suggest that embryonic
patterning is defective in the absence of Lhx1 activity.
During the pregastrulation development of the mouse, cells
in the visceral endoderm (VE) are displaced from the distal
to the prospective anterior region of the prestreak embryo.
This unique pattern of cell movement results in the
realignment of the anterior–posterior (A–P) polarity of the
endoderm tissues to the future A–P axis of the embryo
(Beddington and Robertson, 1999; Thomas and Beddington,
1996). Active migration of cells may account for thedisplacement of cells from the distal to the prospective
anterior region of the visceral endoderm (Srinivas et al.,
2004). In addition, cells in the visceral endoderm may also
be mobilized by the propulsive force generated by differ-
ential rate of cell proliferation under the influence of nodal
signaling activity (Yamamoto et al., 2004). In the light that
Otx2 may interact with Lhx1 in regulating nodal signaling
(Perea-Gomez et al., 2001), a possible link between the
activity of LIM domain protein activity and Nodal signaling
has been postulated based on the impediment to the
movement of the visceral endoderm following the loss of
Otx2 function (Suda et al., 1999).
Defects in cell movement have been associated with the
loss or reduction of Lhx1 activity during gastrulation. When
Lim1/Lhx1 activity is suppressed in the Xenopus embryo,
anterior–posterior extension of the axial mesendoderm is
disrupted due to the lack of PAPC activity (Hukriede et al.,
2003). In the mouse, Lhx1/ cells are sequestered to the
posterior region of the paraxial mesoderm and lateral
mesoderm and in the body of the primitive streak during
gastrulation (Hukriede et al., 2003; Tsang et al., 2000; this
study), and the Lhx1-deficient posterior epiblast fails to
display morphogenetic behavior that may be related to the
convergence extension of the mesendodermal derivatives of
the gastrula organizer (this study). Loss of Lhx1 activity has
been shown to be accompanied by the down-regulation of
angiomotin (Shimono and Behringer, 1999), which is
essential for the exit of the anterior endodermal cells from
the embryonic compartment to the yolk sac and the lateral
movement of the anterior endoderm of the late-streak stage
embryo (Shimono and Behringer, 2003). A likely cause of
the deficiency of definitive endoderm in the anterior region
of the Lhx1/ gastrula embryo may be either due to the
delayed development of the mutant embryo such that the
endoderm destined for extraembryonic fate still remains in
the anterior and distal region of the embryo. Alternatively,
the sequestration of the definitive (gut) endoderm to the
posterior regions is caused by the inefficient movement of
the anterior definitive endoderm due to the blockage
imposed by the prolonged retention of the visceral
endoderm in the anterior region of the embryo and the
defective morphogenetic movement of the axial mesendo-
derm and the paraxial mesoderm. The axial mesendoderm
and the anterior definitive (gut) endoderm have been shown
to play an essential role in the induction of anterior neural
tissues and the morphogenesis of head structures (Bachiller
et al., 2000; Camus et al., 2000; Martinez Barbera et al.,
2000; Petryk et al., 2004; Stottmann et al., 2004; Zakin and
De Robertis, 2004). As the data stand, the impact of loss of
Lhx1 function is more likely on the gastrulation movement
of cells such as the segregation of the mesoderm and
endoderm from other primitive streak cells (Hukriede et al.,
2003) and the impaired morphogenetic movement of the
severely depleted population of mesodermal (Hukriede et
al., 2003) and endodermal (this study) cells in the mutant
embryo. The failure to move the visceral endoderm and to
P.P.L. Tam et al. / Developmental Biology 274 (2004) 171–187186deploy the anterior definitive endoderm to the appropriate
position during gastrulation and the lack of functionally
competent definitive endoderm may underpin the defective
morphogenesis of head structures caused by the loss of Lhx1
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